The most deadly phase in cancer progression is attributed to the inappropriate acquisition of molecular machinery leading to metastatic transformation and spread of disease to distant organs. Although it is appreciated that metastasis involves epithelial-mesenchymal interplay, the underlying mechanism defining this process is poorly understood. Specifically, how cancer cells evade immune surveillance and gain the ability to navigate the circulatory system remains a focus. One possible mechanism underlying metastatic conversion is fusion between blood-derived immune cells and cancer cells. While this notion is a century old, in vivo evidence that cell fusion occurs within tumors and imparts genetic or physiologic changes remains controversial. We have previously demonstrated in vivo cell fusion between blood cells and intestinal epithelial cells in an injury setting. Here, we hypothesize that immune cells, such as macrophages, fuse with tumor cells imparting metastatic capabilities by transferring their cellular identity. We used parabiosis to introduce fluorescent-labeled bone marrow-derived cells to mice with intestinal tumors, finding that fusion between circulating blood-derived cells and tumor epithelium occurs during the natural course of tumorigenesis. Moreover, we identify the macrophage as a key cellular partner for this process. Interestingly, cell fusion hybrids retain a transcriptome identity characteristic of both parental derivatives, while also expressing a unique subset of transcripts. Our data supports the novel possibility that tumorigenic cell fusion may impart physical behavior attributed to migratory macrophages, including navigation of circulation and immune evasion. As such, cell fusion may represent a promising novel mechanism underlying the metastatic conversion of cancer cells.
Introduction
Metastatic disease accounts for the majority of cancer fatalities, and is, unfortunately the least understood phase of tumor progression. The underlying mechanism by which cancer cells acquire the ability to escape the primary tumor site, evade immune system eradication, migrate to a distant location, and reestablish aggressive tumorigenesis is not completely known. Clearly, it is a multifaceted process involving changes in the tumor epithelia in conjunction with local influences emanating from the surrounding tumor microenvironment. It has long been speculated that fusion between mesenchymal cells and tumor cells can lead to phenotypic diversity in tumors, which is thought to be an important factor in tumor progression (1, 2) . Moreover, we have previously shown that circulating bone marrow-derived cells (BMDC) readily fuse with the intestinal epithelium upon tissue injury (3, 4) , and that this process is augmented by an inflammatory and hyperproliferative microenvironment (3) characteristic of a tumor setting.
Importantly, cell fusion between blood leukocytes and tumor cells has been shown to occur in vitro (5); however, its physiologic consequence on tumorigenesis remains unknown. It has been proposed that cell fusion imparts migratory blood cell properties to tumor cells as a potential contribution to drive metastatic disease (1, 5) ; however no definitive in vivo evidence for acquisition of these properties has been demonstrated. Evidence for cell fusion in cancer progression has the potential to revolutionize our current understanding of the biology of metastatic disease.
We hypothesized that fusogenic immune cell populations, such as the macrophage, would facilitate the ability of tumor cells to acquire metastatic capabilities by transferring distinct cellular capabilities during a physical fusion event with cancer cells. Using parabiosis, the surgical joining of 2 mice to facilitate a shared blood supply, we demonstrate in vivo fusion between circulating blood-derived cells and tumor epithelia. Further, we identify the macrophage as a blood-derived mesenchymal cell fusion partner in this process. Moreover, we show that hybrid cells resulting from cell fusion possess a transcriptome identity similar to both macrophages and epithelial cells, as well as a set of unique transcripts, distinguishing them from their 2 parental lineages. Our data suggest that tumorigenic cell fusion has the potential to impart aggressive tumor behavior that has been attributed to epithelial-mesenchymal transition, namely the acquisition of macrophage-like properties such as migration and immune system evasion, and implicate cell fusion as a promising novel mechanism for the metastatic conversion of cancer cells.
Materials and Methods

Mice
Mice were housed in a specific pathogen-free environment under strictly controlled light cycle conditions, fed a standard rodent Lab Chow (#5001 PMI Nutrition International), and provided water ad libitum. All procedures, including bone marrow transplantation and parabiosis, were performed in accordance to the Oregon Health Sciences University Animal Care and Use Committee as previously reported (3, 4) . The C57Bl/6, ROSA26 (6), Rag1
À/À (7), and Apc Min/þ (8) mice were obtained from The Jackson Laboratory. OsbYO1 [green fluorescent protein (GFP); ref. 9] mice were bred in-house.
FACS-isolation of blood-derived cells
Blood cell progenitors were isolated by fluorescence-activated cell sorting (FACS) for subsequent limited-lineage transplantation. Bone marrow from GFP mice was isolated as described (4) , and stained with the appropriate combination of antibodies against cell-surface antigens for the desired populations. For separate macrophage, B-cell, and T-cell isolation followed by transplantation, whole bone marrow (WBM) cells were first combined with peripheral blood before FACS isolation. Peripheral blood was obtained by retro-orbital bleeding of GFP mice, sedimented and red blood cells lysed. Antibody concentrations are listed in Supplementary Table S1 . All antibody staining was performed for 30 minutes at 4 C. Cells were washed twice in Hank's balanced salt solution (HBSS) and resuspended in HBSSþ [3% fetal bovine serum (FBS), 5 mg/mL propidium iodide (PI)]. Cell populations were isolated using a Becton Dickinson FACSVantage with DiVa (Digital Vantage) option, and a 70-mm nozzle. Cell doublets were eliminated on the basis of pulse width. Purity of sorted populations is described below, and then only >99% pure populations were used for subsequent assays. Isolated pure populations were individually transplanted into lethally irradiated mice as described below.
Bone marrow transplantation
WBM and lineage limited bone marrow transplantation was performed as described with some modifications (4). Briefly, WBM was harvested from 5-to 12-week-old donor GFPexpressing mice (4), filtered for single-cell suspension, and then resuspended in HBSS. Sorted or WBM cells were injected into the retro-orbital sinus of recipient mice. Approximately 5 Min/þ mice received wholebody g irradiation (12-Gy split dose 4 hours apart) prior to transplant. To confirm hematopoietic engraftment or to check for contamination in FACS-isolated populations, peripheral blood leukocytes were isolated from recipient mice 2 weeks post-transplantation as previously reported (10) and analyzed for lineage using a Becton Dickinson FACSCalibur.
Parabiosis
Surgery was performed between GFP and ROSA26/Apc
Min/þ mice (n ¼ 8 pairs) as described previously (3) . Briefly, pairs of 6-to 12-week age-, gender-, and weight-matched mice were surgically joined from the elbow to knee. Mice were separated 7 weeks after surgery, their blood analyzed to assess percent chimerism, and intestinal tissue analyzed.
Cell culture and live cell microscopy MC-38 H2BmRFP colorectal cancer cells were generated by retroviral transduction of the mouse adenocarcinoma cell line MC-38 (a kind gift from J. Schlom, National Cancer Institute, Bethesda, MD) to express monomeric red fluorescent protein (mRFP) fused to histone 2B (H2B); GFP-macrophages were derived from the bone marrow of GFP transgenic mice (9) .
MC-38
H2BmRFP cancer cells and GFP-macrophages were coseeded onto 35-mm glass-bottom dishes (MatTek), grown in standard conditions and incubated in a humidified incubator with 5% CO 2 at 37 C. Fluorescence imaging was conducted in a temperature and CO 2 controlled stage enclosure, using a 40X oil objective on a DeltaVision-modified inverted microscope (IX71; Olympus) and SoftWorx software (Applied Precision). Z-series images were acquired using a camera (Nikon CoolPix HQ, Nikon) at 15-minute intervals. Z-series stacks were compiled by maximum intensity projection for presentation. The movie was compiled at 6 frames per second.
Intestinal analysis of transplanted and parabiotic mice
Cell fusion was identified using immunohistochemical analysis and colocalization of donor, GFP and recipient, and b-galactosidase expression. Small intestine and colon from experimental and control animals were dissected en bloc, processed for wholemount imaging, frozen in optimal cutting temperature compound, and sectioned as previously described (11) . Five micrometer (or 50 mm for confocal analysis) tissue sections were stained with hematoxylin and eosin (H&E) or incubated with antibodies for b-galactosidase (1:500, ICL, Inc.) and GFP (1:500; Molecular Probes) followed by detection with fluorescent secondary antibodies (1:500, Alexa488, Molecular Probes; 1:250, Cy5, Jackson Immuno Research) and confocal microscopy performed, as we have reported previously (3, 4) . For transplantation studies, mice were analyzed at 4 or 8 weeks post-transplantation for all studies (n ¼ 3-10/experimental paradigm), with the exception of the early time course analysis, where the mice were analyzed every 24 hours post-transplantation for 7 days (n > 4 mice/time point). Analysis of parabiotic pairs took place at time of separation (4-9 weeks; n ¼ 4). Blood cell antigens were detected with antibodies to CD45 (1:500; BD Pharmingen), B220 (1:500; BD Pharmingen), CD4 and CD8 (1:500; BD Pharmingen), and F4/80 (1:500; eBioscience). Epithelial cells were detected with anti-E-cadherin antibodies (1:1000; Zymed), and the basement membrane detected with antilaminin antibodies (1:1000; Chemicon). Nuclei were counterstained with Hoechst (33258; Sigma; 0.1 mg/mL). Tissue sections were analyzed with a Leica Digital-Modul-R microscope, digital images captured with a DC500 digital camera and IM50 Image Manager Software (Leica Microsystems). Confocal images were acquired using an IX81 Inverted Microscope equipped with Fluoview FV1000-Spinning Disc Confocal (Olympus) scan head and FV10 ASW 1.7 software (Olympus).
Statistics
Cell fusion was quantified by reporting the percentage of crypt/villus units harboring at least 1 GFP-positive cell. A "unit" was defined as 1 villus and its adjacent crypt. For each animal, tissue sections at least 125 mm apart were quantified and >1500 units were examined ( Supplementary Fig. S1M ). We do not quantify on a per cell basis because this would overestimate the extent of cell fusion due to proliferative expansion of the initial fusion event. Statistical significance between experimental populations was determined using a Student's 2-tailed, unpaired t-test as appropriate for each experimental scenario. P values <0.01 were considered statistically significant. Statistical analysis was performed using GraphPad Prism for Windows (GraphPad Software). All data are presented as the mean AE SEM.
Epithelial FACS
Epithelium was isolated for FACS and subsequent gene expression analysis. The intestinal epithelium was isolated using a modified Weiser preparation (12) . Cells were then incubated in Type III Collagenase (30 minutes; 15 units/mL; Sigma), dispase (30 minutes; 0.3 units/mL; Invitrogen), then filtered through a 12Â75 mm filter (BD Falcon) for single-cell suspension. Cells were stained with anti-CD45-APC (1:100; BD Pharmingen) for 30 minutes at 4 C, washed twice in HBSS, and resuspended in HBSSþ1% bovine serum albumin and PI. To exclude the intraepithelial lymphocyte population and blood cell contamination from the epithelial cells, GFP þ ; CD45
À ; PI À epithelial cells were isolated with an InFlux flow cytometer (Cytopeia) using a 150-mm nozzle. Doublets were eliminated using pulse width. The purity of sorted populations was determined and only >99% pure populations were used in subsequent experiments. It is possible that acquisition of macrophage gene expression could be attributed to contamination during the isolation procedure; therefore, to demonstrate that epithelial isolation results in an uncontaminated population, isolated epithelial cells were spun onto slides and analyzed for CD45 qRT-PCR qRT-PCR was used to validate the results obtained from deep sequencing. FACS-isolated epithelial cells and macrophages from transplanted or untransplanted GFP-expressing mice were harvested as described above. Total RNA was isolated from sorted cells using RNeasy Mini kit (Qiagen). RNA quality was assessed using Agilent's PicoChip on the 2100 Bioanalyzer, then 20 ng RNA was amplified and cDNA synthesized using the NuGEN Ovation RNA Amplification System v2 protocol (NuGEN). qRT-PCR was performed using a SYBR Green-based assay, and analyzed using an Applied Biosystems 7900 HT Sequence Detector according to established protocols (12) . Each cDNA sample was analyzed in triplicate, along with triplicate samples of the endogenous reference gene, Glyceraldehyde-3-phosphate dehydrogenase (Gapdh). Epithelial and macrophage samples were harvested from n ¼ 3-4 animals. For analysis of cell fusion hybrids, multiple animals were pooled (n ¼ 3) or multiple qRT-PCR assays were conducted. Data are presented as fold change AE SE. Primers are listed in Supplementary Table S2 .
RNA-seq and bioinformatic analyses
Intestinal epithelium was isolated from GFP-expressing mice (n ¼ 3) and WBM transplanted mice (n ¼ 4), as well as macrophages from GFP-expressing mice (n ¼ 3) by FACS sorting, as described above. Total RNA (0.1-1 mg) was isolated using the RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. Poly(A) RNA was purified using oligotex-dT30 latex beads (Qiagen). First-strand cDNA synthesis was conducted using Superscript III and OligodT-20 according to the manufacturer's instructions (Invitrogen). Second strand synthesis was generated according to standard methods, followed by double stranded cDNA fragmentation (100-700 bp) with 65 watt pulse on a Misonix sonicator. cDNA was polished with the DNA terminator repair kit (Lucigen) and a single A base was added with Klenow exo-(3 0 -5 0 exo minus) prior to ligation of genomic DNA adapters (Illumina Solexa Genomic 1G) at 22 C. Amplification of the library using 10 cycles of limited PCR using Phusion HF DNA polymerase (NEB) and genomic PCR primer (Illumina; Solexa Genomic primers 1.1 and 2.2) was conducted.
Double stranded cDNA libraries were sequenced on a Solexa G1 Genome Analyzer and image analysis and basecalling were conducted with the standard Illumina Analysis Pipeline 1.0 (Firescrest-Bustard). Thirty-six base pair sequence tags were mapped to the mouse genome (NCBI Build 37) by calling the Eland algorithm (Illumina Analysis pipeline Gerald module) with Perl scripts. A C þþ program was used to count statistical analyses were performed in the R statistical programming environment. RNA-Seq tag counts in Ref-Seq genes were mean-scaled and pairwise comparisons were performed using the c 2 statistic. The Storey Q-test was used to correct for multiple comparisons (13) . Differentially regulated Ref-Seq genes with a P < 0.01 were considered significant. Relational comparisons between data sets called an R annotation script and SQL data base queries.
To identify transcripts that were differentially regulated between at least 2 cell populations, Ref-Seq genes with a P < 0.01 from comparisons between each pair of cell populations were compiled and represented 19,696 transcripts. Within this differentially regulated population of Ref-Seq genes, we identified genes in which cell fusion hybrids (a) shared gene expression profiles with wild-type epithelium, (b) shared gene expression profiles with macrophages, or (c) expressed unique gene expression profiles. For category (a), we selected genes that were differentially regulated between macrophages and cell fusion hybrid epithelium (P < 0.01) but not between cell fusion hybrid epithelium and wild-type epithelium comparisons (P > 0.05). For category (b), we selected genes that were differentially regulated between cell fusion hybrid epithelium and macrophages (P < 0.01) but not between wild-type epithelium and macrophages (P > 0.05). For category (c), we selected genes that were differentially regulated genes between wildtype epithelium and cell fusion hybrid epithelium (P < 0.01) and wild-type epithelium and macrophages (P < 0.01). Heatmaps for each of these categories were generated in the R programming environment and depict mean-and log-scaled total RefSeq gene tag counts mapped to an 8-bit color scale.
Results and Discussion
In vivo cell fusion in tumors
The observation that inflammation and epithelial proliferation, 2 key components of a tumor microenvironment (14) , are strong mediators of cell fusion (3) provides evidence that cell fusion readily occurs within tumors in an in vivo context. To show that this is indeed the case, we used parabiosis (the surgical joining of 2 mice that facilitates shared blood supply) to introduce GFP-expressing circulating blood (9, 15) into an intestinal tumor-bearing Apc Min/þ ; ROSA26 mouse (refs. 6-8; Fig. 1A ). Tumor analysis displayed epithelium that coexpressed the "donor" marker (GFP) from newly introduced circulating blood cells, and the "recipient" marker (b-galactosidase; b-gal), as determined by confocal microscopy (n ¼ 4; Fig. 1B and C) . We have previously documented the occurrence of cell fusion between BMDCs and the intestinal epithelium using alternative dual marker systems: GFP/ b-gal, GFP/Y-chromosome, and a genetic approach using Cre recombinase-activated reporter gene expression to mark generation of cell fusion hybrids in vivo (3, 4) . In addition, as controls, we show here that endogenous GFP expression can be recognized by direct fluorescence as well as with antibodies to GFP with high fidelity ( Supplementary Fig. S1A and C) and that cell fusion in the epithelial compartment is not mistaken as GFP-expressing intraepithelial lymphocytes or tissue autofluorescence ( Supplementary Fig. S1D-1 and 2) . Therefore, the detection of tumor epithelia coexpressing GFP and b-gal in parabiotic mice strongly illustrates that cell fusion occurs in the natural context of tumorigenesis.
Tumor cells are known to be highly fusogenic; this is especially evident in cell culture systems (1). Determining whether this is an active mechanism mediated by an equally fusogenic bone marrow-derived cell partner remains outstanding. Our previous work, examining cell fusion in the intestinal epithelium, revealed that the intestinal stem or progenitor cell is capable of fusion (4); however the BMDC fusion partner has yet to be identified. Therefore, to examine potential fusogenic candidate cells within the tumor microenvironment, we analyzed intestinal adenomas from parabiotic mice with antibodies to major lineages within the bone marrow: Macrophages, T and B cells (Fig. 1D-F) . All 3 blood-derived populations were present within the tumor microenvironment, suggesting that these populations may be poised for fusion with the tumor epithelium.
Identifying the BMDC fusion partner
It is possible that a number of mesenchymal cells are capable of cell fusion, as several BMDC lineages have previously been described to engage in fusion (10, 16, 17) . Therefore, to determine which lineages contribute to intestinal cell fusion, we systematically surveyed the fusogenic capacity of GFP-expressing blood lineages isolated by FACS in a mouse bone marrow transplantation system ( Fig. 2A) . We have previously utilized g-irradiation and bone marrow transplantation to effectively promote cell fusion with the intestinal epithelium (4) and have documented that this approach results in high levels of inflammation and epithelial proliferation similar to a tumor microenvironment (3). Using this model system, we transplanted common myeloid and common lymphoid progenitors (CMP and CLP, respectively), as well as differentiated macrophages, B and T cells (Fig. 2B ) isolated by FACS using standard cell surface antigens (18) (19) (20) (21) (22) (Supplementary Fig. S3 and Supplementary Table S1 ). We then evaluated their ability to fuse with intestinal epithelium using a quantification scheme that accounts for fusion at the intestinal stem cell level (Supplementary Fig. S1M ). Interestingly, all five isolated populations displayed the ability to fuse with the intestinal epithelium to varying degrees. Fusion between CMPs (n ¼ 4) or CLPs (n ¼ 2) and the epithelium was detected, but was extremely rare (not shown). To further restrict possible candidates, mice were transplanted with Rag1 À/À ; GFP WBM that is genetically devoid of mature B and T cells (7) . Interestingly, robust epithelial cell fusion was observed (n ¼ 4; Supplementary Fig. S4 ), suggesting that mature B and T cells were not required for cell fusion and that immature B or T cells and/or the myeloid lineage effectively contributed to cell fusion. When FACS-isolated macrophages, B or T cells were independently transplanted into our fusion model, all lineages were observed to participate in cell fusion (Fig. 2D) . However, very low levels of epithelial cell fusion were detected in B and T cell transplanted mice (n ¼ 4 each). Not surprisingly, the characteristically fusogenic macrophage (23) displayed the most robust cell fusion (n ¼ 14), resulting in levels that closely resembled WBM transplanted intestines ( Fig. 2C and D) . Because the macrophage population is functionally diverse, we wondered if activated macrophages possessed different fusogenic capabilities compared to those isolated from WBM and peripheral blood or from those grown in culture. Interestingly, we found no difference in levels of cell fusion between these three macrophage populations (not shown). Although this might suggest that the type of macrophage is not important in cell fusion, it is likely that once transplanted into the recipient mouse, different macrophage populations are appropriately activated and thereby recruited for tumor cell fusion. Macrophages are known to be actively recruited to the site of injury (24) , and in this context may be stimulated to fuse with injured epithelium. Our previous work established that GFP-expressing BMDCs transit to the intestine after irradiation injury, just prior to detection of epithelial fusion (3). This suggests that specific prefusion mesenchymal actions facilitate events leading to fusion, including crossing of the basement membrane into the epithelial compartment. A detailed time course examining the arrival of GFP-expressing transplanted BMDCs into the intestine revealed a clustering of cells around the intestinal stem cell niche, forming a prefusion cluster, 4 days post-transplantation ( Supplementary Fig. S5 ). Confocal microscopy (Fig. 3A-G ) and 3-dimensional reconstruction of individual intestinal crypts from 50-mm thick tissue sections revealed that these BMDCs are juxtaposed to the basement membrane adjacent to the epithelial compartment (Supplementary Movie S1). Interestingly, all three lineages (macrophages, B and T cells) were present in these donor-marked cells clustered around the crypts ( Fig. 3H and I ; Supplementary Fig. S6 ). Further, analysis of confocal serial planes through prefusion clusters surrounding intact crypts revealed rare instances where GFP-expressing macrophages were straddling or crossing the laminin-marked basement membrane, protruding into the epithelial space 4 days after transplantation ( Supplementary Fig. S7 ). In these confocal images, macrophages expressing GFP in the cytoplasm were identified by cell-surface F4/80 expression on both sides of the laminin-marked boundary delineating epithelium from mesenchyme in both the upper crypt and the lower stem cell region. Whereas intraepithelial lymphocytes are located on the epithelial side of the basement membrane, macrophages are not known to reside within the epithelial compartment. It is possible that our data represent a snapshot of a macrophage in the process of antigen sampling, in which they have been described to extend lamellipodia across the basement membrane and between epithelial cells (25) . However, active transit into the epithelial compartment is a likely prerequisite for fusion with the epithelial cell; therefore our data demonstrate the capacity for the macrophage to position itself in the proper location. Although our focus on the macrophage does not exclude the possibility that B and T cells can also fuse, our limited-lineage transplantation analysis suggested that epithelial cell fusion involving these lymphocytes is significantly less frequent than with macrophages (Fig. 2C) . Regardless, capturing the act of prefusion macrophages invading the epithelial compartment supports our evidence that it is a primary partner for cell fusion with the intestinal epithelium.
Epithelial cell fusion hybrids retain a macrophage identity
Identification of in vivo intestinal epithelial cell fusion partners provides important insight into the physiologic behavior of disease-generated cell fusion hybrids. Initial characterization of intestinal cell fusion hybrids revealed retention of an epithelial phenotype based upon their physiologic location, their epithelial protein expression, and the lack of the pan-lymphocytic donor marker CD45 expression (4). Additionally, in the experiments conducted here, cell fusion hybrids resided within the epithelial compartment and were indistinguishable from adjacent epithelial cells by H&E staining ( Supplementary Fig. S8 ). Evidence that the cell fusion hybrids divide and contribute to the intestinal epithelium is supported by GFP-expressing differentiated epithelial cells juxtaposed with the stem cell compartment in our previously published data (3). Further, cocultured MC-38
H2BmRFP colon cancer cells and GFP-expressing macrophages displayed fusion readily detected by live-imaging ( Fig. 4A and Supplementary Movie S2). The fused cell harbors both nuclear and cytoplasmically localized GFP (green) and an RFP-expressing nucleus (yellow). Over the course of imaging (1.25 hours), the cell fusion hybrid functionally divides into 2 daughter cells, both retaining the dual markers, suggesting that cell fusion hybrids can contribute to the overall epithelial population. More importantly, these cell fusion hybrids identified by dual marker approaches do not represent macrophage phagocytosis of cancer cells where the RFP-expressing nucleus would , when compared to the adjacent GFP-negative epithelia. P < 0.01, values reported with SEM for n ¼ 3, whereas the epithelial specific marker E-cadherin was expressed at a similar level.
be localized to phagosomes and rare division of the macrophage would not result in retention of the RFP-expressing nucleus.
Notably, these hybrid cells retain the transgenic donor marker, GFP, suggesting that some of the contributing donor cell transcriptome is preserved. To further explore this exciting possibility, newly generated cell fusion hybrids were assayed for expression of the macrophage-specific gene, F4/80. This membrane glycoprotein was coexpressed in GFP-expressing hybrid cells within the intestinal crypt shortly after fusion hybrids were first detectable ( Fig. 4B and C) . Interestingly, although F4/80 is a cell surface protein in macrophages, it appeared to be localized to the cytoplasm in the epithelial-macrophage fusion cells. This reveals a potential inability of the epithelial-like cell fusion hybrid to traffic this protein to the proper macrophage location. At 4 weeks post-transplantation however, cell fusion hybrids lose the ability to express F4/80 protein (data not shown), but retained mRNA expression (Fig. 4D) , as detected by qRT-PCR in FACS-isolated GFP-positive cell fusion hybrids (Supplementary Fig. S9 ). Although hybrid cells expressed a similar amount of the epithelial-specific transcript, E-cadherin, when compared to the adjacent GFP-negative wild-type epithelium, they expressed a statistically significant higher level of the F4/80 transcript (Fig. 4D, n ¼ 3) . It is possible that dynamic regulation of macrophage-specific genes occurs within the cell fusion hybrids, such that macrophage-specific gene expression is temporally modulated. Importantly, the hybrid cells retain the ability to express elevated F4/80 transcript levels even 4 weeks after fusion, suggesting that long-term reprogramming at the stem or progenitor level has occurred. Intriguingly, novel gene expression within this population of fused cells may have significant impact on cellular physiology and subsequent cellular behavior.
Acquired gene expression is an important step in tumor progression (26) . Therefore, to determine if epithelial cells can acquire a broader macrophage-specific gene expression profile as a result of cell fusion, we compared the transcriptome profiles of 3 FACS-isolated populations: unfused intestinal epithelial cells (n ¼ 3 animals), unfused macrophages (n ¼ 3 animals), and epithelial-macrophage cell fusion hybrids (n ¼ 4 animals). To generate an unbiased and comprehensive analysis of the complete transcriptome, we used RNA-Seq (27) , a genome analysis approach previously validated by microarray (28) . Rigorous isolation procedures were followed to ensure purity of FACS-isolated populations ( Supplementary  Fig. S10 ).
Comparative transcriptome analysis revealed that of $20,000 transcripts analyzed, 20.8%, were differentially regulated between at least 2 populations at a statistically significant level (P < 0.01). Of these differentially regulated transcripts, 32.8% were similarly regulated between cell fusion hybrids and wild-type intestinal epithelium (Fig 5A) . Intriguingly, 4.0% of differentially-regulated transcripts were shared between cell fusion hybrids and blood-derived macrophages (Fig. 5B) . Most compelling was that 3.4% of the differentially regulated transcripts were uniquely expressed in the cell fusion hybrids, relative to either of the parental lineages (Fig. 5C ). To further validate the distinct transcriptome profiles, qRT-PCR expression analysis was employed (Fig. 5D-F) on a subset of genes. Confirmation of the RNA-Seq results established that cell fusion hybrids retained transcriptome characteristics from both parental lineages while also developing an additional novel transcriptome profile, unique from either parental lineage. Cell fusion hybrids largely shared a similar gene expression pattern with the epithelial transcriptome; this is not surprising because these cells are morphologically epithelial in nature (4). However, retention of a macrophage-like transcriptome within hybrid cells provides the exciting possibility that these newly generated cells have acquired distinct physiologic potential to participate in dis- ease progression. Interestingly, a number of genes known to be modulated in metastasis were similarly transcriptionally altered within the cell fusion hybrid population, lending support to the idea that cancer cells can gain metastatic capability through cell fusion (Supplementary Table S3 ). Significantly, a third subset of genes was uniquely expressed in cell fusion hybrids relative to expression within the epithelial and macrophage populations (Fig. 5C ). This subset of genes suggests that some transcripts may be modulated in response to cell fusion. It is exciting to speculate that these genes may have important consequences for tumorigenesis and can facilitate specific identification of the tumorigenic cell fusion hybrid population as well as rational therapeutic targets.
Our data build upon the demonstration that in vitro cell fusion can lead to transcriptional changes (29, 30) by presenting a comprehensive, in vivo transcriptional analysis of cell fusion hybrids. The intriguing finding that products of cell fusion are genetically distinct from their parental populations provides mechanistic evidence for how tumor cells may acquire genetic heterogeneity. Additionally, our data illustrating cell fusion between tumor epithelium and macrophage populations provide an exciting explanation for how tumor cells gain the physical macrophage-attributed properties involved in tumor metastasis such as extravasation, migration, and immune evasion. Whereas the concept of fusion between tumor cells and blood cells as a mechanism for tumor progression was first proposed in 1911 (1), the physical evidence for in vivo cell fusion driving tumorigenesis is emerging only now. Perhaps the best evidence to date for cell fusion in cancer comes from cell culture studies where donor gene expression can be detected in cancer cell fusion hybrids (30, 31) . In vivo examples of cell fusion in cancer have been observed in melanoma with acquisition of a myeloid-associated enzymatic activity and in renal cancer where detection of a donor Y-chromosome was detected in a female patient with renal carcinoma after bone marrow transplantation (32) . However, presence of a donor-marker does not fully demonstrate the breadth of phenotypic alterations where cell fusion can lead. Importantly, our results showing that in vivo-generated cell fusion hybrids can acquire macrophage transcriptional properties provide a critical piece of evidence supporting the impact of cell fusion on tumor progression. Our data provide a means by which tumor cells have the potential to acquire the ability to harness macrophage-specific properties including migration to a premetastatic niche (33) and evasion of the immune system. Although the mechanism for cell fusion requires further investigation, we show that it provides the basis for novel transcriptional expression patterns in tumor cells. Further, cell fusion, in a fashion similar to Darwin's theory of evolution, may allow for cells that have acquired distinct genetic changes to survive and adapt to the tumor microenvironment. This exciting possibility not only presents a potential paradigm shift in how we perceive metastatic spread, but opens new possibilities for inhibiting tumor-associated cell fusion as an additional preventative or therapeutic means.
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